Background: It was recently demonstrated that the size of cell-free DNA (cfDNA) fragments that originates from tumor cells are shorter than cfDNA fragments that originates from non-malignant cells. We investigated whether cfDNA fragment size and cfDNA levels might have prognostic value in patients with advanced pancreatic cancer.
Background
Previous studies have demonstrated that cell-free DNA (cfDNA) levels are elevated in blood from patients with cancer compared to the levels in blood from healthy individuals [1] . Moreover, high levels of cfDNA have been associated with poor survival in several cancers, including pancreatic cancer [2] [3] [4] . Using surrogate markers, such as point mutations [5] [6] [7] [8] [9] [10] , copy-number aberrations [11, 12] , microsatellite alterations [13] and methylations [12] , it has been possible to detect the fraction of cfDNA that originates from tumor cells. This fraction, better known as circulating tumor DNA (ctDNA), can be detected in most patients with cancer, and both the fraction of patients with detectable ctDNA and the levels of ctDNA in blood have been shown to increase with increasing tumor stages [5] . In recent years, ctDNA has also been demonstrated to provide prognostic value and monitoring potential for patients with different cancers, including patients with pancreatic cancer [6] [7] [8] [9] [10] .
Studies of cfDNA in maternal plasma and transplant recipients have indicated that cfDNA is predominantly of hematopoietic origin, and that cfDNA from nonhematopoietic cells are shorter in size than hematopoietically derived cfDNA [14] [15] [16] . In accordance with these observations, studies on cfDNA from patients with cancer have demonstrated that the fragments of cfDNA that originates from tumor cells (i.e. ctDNA) are, in fact, shorter in size than fragments that originate from non-malignant cells [17] [18] [19] [20] . Another study recently demonstrated that size-selection of smaller cfDNA fragments could be used to increase the amount of tumor-derived cfDNA fragments in cfDNA samples [20] . Given the reported shorter size of tumor-derived cfDNA fragments, we reasoned that increasing numbers of short cfDNA fragments might indicate higher fractions of tumor-derived cfDNA and thus, might reflect an increased tumor load. Accordingly, we hypothesized that a cfDNA fragment size analysis might hold prognostic value in cancer. The present study aimed to investigate the prognostic value of cfDNA fragment size in cancer. We employed simple laboratory techniques to determine the fragment size and total levels of cfDNA isolated from patients with locally advanced or metastatic pancreatic cancer.
Materials and methods

Patients and samples
Between September 2012 and July 2017, we included 61 patients with locally advanced (n = 6) or metastatic (n = 55) pancreatic cancer that were admitted to Stavanger University Hospital (SUH) and Haukeland University Hospital (HUH). Patients received first-line treatment with gemcitabine (SUH only), nab-paclitaxel plus gemcitabine (SUH only), or FOLFIRINOX (both centers). Peripheral venous blood samples (9 ml EDTA tubes) were drawn before initiation of chemotherapy (n = 61; denoted B1) and after the first cycle of chemotherapy (n = 39; denoted B2). Treatment response was defined with a standard disease evaluation of radiological images, based on the RECIST 1.1 criteria [21] . We also included a control group (median age = 54), which comprised 28 healthy individuals with no prior or current cancer diagnosis. Blood samples collected at SUH were processed within 2 h; samples collected at HUH were processed at SUH within 24 h, after overnight transport. All patients and healthy controls provided written informed consent to participate in the study. 
Isolation of cfDNA from plasma
Blood samples were separated with density centrifugation using Lymphoprep ™ (Axis Shield) density gradient media, according to the manufacturer's instructions. We used 4 mL (1-2 mL for the first 8 patients) of plasma (diluted 1:1 with 0.9% NaCl for the density gradient separation protocol) for isolating total cfDNA with the QIAamp Circulating Nucleic Acid kit (Qiagen), as described by the manufacturer. cfDNA was eluted in 50 µL of Buffer AVE (Qiagen) and stored at − 80 °C until further analysis.
Determination of cfDNA fragment size and cfDNA level
The cfDNA fragment size and cfDNA level were determined for each sample with an Agilent 2100 Bioanalyzer and the Agilent High Sensitivity DNA chip, according to the manufacturer's instructions. The fragment size of cfDNA was determined, with the Agilent 2100 Bioanalyzer software, and defined as the mode of the main peak (corresponding to one nucleosome plus linker, derived from apoptotic cells) in the electropherogram (Additional file 1: Figure S1 ). cfdna level were also determined with the software, calculated as the area under the main peak in the electropherogram (Additional file 1: Figure S1 ). Determination of cfDNA fragment size and cfDNA levels were performed by individuals blinded to clinical data.
Statistical analysis
All statistical analyses were performed with IBM SPSS version 24.0 (http://www.spss.com/). All tests were twosided, and p-values less than 0.05 were considered statistically significant. Missing data were automatically excluded from the analyses. Clinicopathological patient data were compared with the χ 2 or Fisher's exact test, for categorical data, and with the independent-samples t-test or Mann-Whitney U test for continuous data. The Mann-Whitney U test was also used to compare cfDNA fragment size and cfDNA levels between control and patient samples, and between centers. The Wilcoxon signed rank test or the sign test were used to compare samples taken before and after initiation of chemotherapy. Correlation tests were performed between cfDNA fragment size and cfDNA levels with the non-parametric Spearman's rank correlation coefficient for the continuous variables, and Cohen's Kappa coefficient for the categorical variables. Data from the two study centers were compared statistically (Additional file 1: Table S1 and Figure S2) . We found significant differences between centers in first-line treatment and cfDNA fragment size.
Survival analyses were performed with Kaplan-Meier estimates, the log-rank test, and Cox proportional hazards regression. The primary endpoints were progression-free survival (PFS) and overall survival (OS). PFS was defined as the time between inclusion (or sampling date for the B2 sample) and progression or death due to any cause, when the patient died before evidence of progression was obtained. OS was defined as the elapsed time between inclusion (or sampling date for the B2 sample) and death due to any cause.
Univariable Cox regression analyses were used to investigate the effects of single variables on survival. We tested variables measured before initiation of chemotherapy, Several variables were excluded from the multiple regression model, due to associations with other markers, including the B1 cfDNA fragment size (continuous), B1 cfDNA level (continuous), the combination of B1 cfDNA fragment size and B1 cfDNA levels. Other variables were excluded due to missing data (T-stage, metastatic location, N-stage), or because they were not acquired at baseline (B2 cfDNA fragment size, B2 cfDNA levels, and second-line treatment). The multivariable analyses were performed with both forward and backward stepwise selection of covariates.
Results
Patient characteristics
The 61 patients included in this study had either locally advanced (n = 6) or metastatic tumors (n = 55). The cohort included a slight preponderance of men (n = 35, 57.4%), and the mean age was 64 years at diagnosis. Primary tumors were predominately located in the head of the pancreas (55.7%), and the median size was 37 mm. The first six (9.8%) patients included in the study received Gemcitabine monotherapy; the remaining patients received either FOLFIRINOX (n = 30, 49.2%) or nabpaclitaxel plus Gemcitabine (n = 25, 41%). All baseline patient characteristics and clinicopathological data are summarized in Table 1 .
Measurements of cfDNA fragment size and cfDNA level
cfDNA fragment size and cfDNA levels were measured in plasma samples from the patients and from partially age-matched healthy controls (n = 28). The cfDNA fragment size in healthy control samples were longer (median 176.5 bp, range 168-185 bp) than the fragment size in patient samples (locally advanced: median 170 bp, Figs. 1 and 2) . When samples from patients with locally advanced tumors were compared to samples from patients with metastatic tumors, we found significant differences in cfDNA fragment size (p = 0.044; Fig. 2a ), but not in cfDNA levels (p = 0.257; Fig. 2b ).
Changes in cfDNA fragment size and cfDNA levels during therapy cfDNA fragment size and cfDNA levels were determined in plasma samples obtained before the initiation of chemotherapy (n = 61 patients), and in plasma samples obtained after the first cycle of chemotherapy (n = 39 patients). Neither the median cfDNA fragment (p = 0.956) nor the median cfDNA level (p = 0.110) changed significantly during treatment (Additional file 1: Figure S3 ).
Survival analyses
Patients were followed for a median of 7.7 months (range 0.3-25.8 months). During follow-up, progression was observed in 54 (88.5%) patients, and 51 (83.6%) patients died. We dichotomized cfDNA fragment size and cfDNA levels in patient samples based on the median values of all patient samples; thus a short fragment size was defined as ≤ 167 bp, and a high cfDNA level was defined as > 4.66 ng/mL plasma. We found that a short pre-treatment cfDNA fragment size (≤ 167 bp) was highly associated with both shorter PFS (4.0 vs 7.7 months; log-rank p = 0.003; Fig. 3a ) and shorter OS (4.6 vs 10.5 months; log-rank p = 0.001; Fig. 3b ). Analyses of in-treatment cfDNA fragment size demonstrated that short fragment size were again associated with shorter PFS (3.1 vs 6.8 months; log-rank p = 0.049; Additional file 1: Figure S4A ), but not with shorter OS (7.0 vs 7.0 months; logrank p = 0.634; Additional file 1: Figure S4B ). Similarly, patients with high pre-treatment cfDNA levels had both shorter PFS (3.3 vs 7.7 months; log-rank p < 0.001; Fig. 3c ) and shorter OS (5.4 vs 8.8 months; log-rank p = 0.002; Fig. 3d ) compared to patients with low cfDNA levels. In samples obtained after initiation of chemotherapy, high cfDNA levels were neither associated with shorter PFS (4.5 vs 6.9 months; log-rank p = 0.185; Additional file 1: Figure S4C ), nor shorter OS (7.0 vs 7.4 months; log-rank p = 0.368; Additional file 1: Figure S4D ). We found a moderately negative correlation between pre-treatment cfDNA fragment size and cfDNA levels (spearman correlation − 0.608, p < 0.001). Short fragment provided additional prognostic value, we performed survival analysis on the combination of the pre-treatment cfDNA fragment size and cfDNA levels. The patients were grouped according to whether they had neither short cfDNA fragment size nor high cfDNA levels (negative for both markers), either short cfDNA fragment size or high cfDNA levels (positive for 1 marker), or both (positive for two markers). The survival analyses demonstrated that both PFS (8.1 vs 4.6 vs 2.6 months; log-rank p < 0.001; Fig. 3e ) and OS (10.6 vs 7.9 vs 3.8 months; logrank p = 0.001; Fig. 3f ) were significantly prolonged in patients negative for both markers, compared to patients that were positive for one or two markers. Both univariable and multivariable Cox proportional hazards regression analyses were performed to estimate the prognostic impact of cfDNA fragment size and cfDNA levels on survival, relative to other clinicopatological parameters. The univariable regression analyses (Table 2 ) confirmed the prognostic impact of cfDNA fragment size and cfDNA levels, as demonstrated by the Log-Rank test. In addition, the univariable analysis showed that radiologically determined tumor size, ECOG performance status, first-line treatment, second-line treatment and study center also had prognostic value. The multivariable Cox regression analyses (Table 3) demonstrated that the dichotomized cfDNA level was an independent prognostic factor for both PFS (HR = 3.049, p = 0.005) and OS (HR = 2.236, p = 0.028). In addition, CA 19-9 was an independent prognostic factor for OS. Finally, the ECOG performance status and first-line treatment were independent prognostic factors for both PFS and OS. No other covariates were identified as significant predictors of survival in the multivariable model.
Discussion
In this study, we demonstrate that cfDNA fragment size and cfDNA level have prognostic value for patients with advanced pancreatic cancer. Previous studies have shown that increased levels of cfDNA measured before the initiation of chemotherapy are associated with worse survival in patients with pancreatic cancer [3] and with increased tumor load in patients with colorectal cancer [2] . Similarly to our approach, it was also recently demonstrated that shorter cfDNA fragment size are associated with shorter PFS in patients with renal cell carcinoma [22] . The fragment size of cfDNA that originates from non-hematopoietic cells [14] [15] [16] , including tumor cells [19, 20] , have been shown to be shorter than cfDNA that originates from cells of hematopoietic origin. That finding suggests that increased numbers of short cfDNA fragments primarily reflects increased relative levels of tumor DNA in the blood of patients with cancer. 
Fig. 2
Distributions of cfDNA fragment size and cfDNA levels in patient and control samples. Boxplot shows differences in a cfDNA fragment size and b cfDNA levels between samples from healthy controls (n = 28), patients with localized disease (n = 6), and patients with metastatic disease (n = 55). Abbreviation: n.s, not significant of non-hematopoietically derived cfDNA are not well understood. However, it has been speculated that different cell types might have differences in intracellular DNA degradation and different mechanisms of DNA release, and that DNA methylation could be a contributing factor [16, 23] . Interestingly, our multivariable Cox regression model indicated that the cfDNA level was an independent prognostic factor, but not the cfDNA fragment size. Although cfDNA fragment size and cfDNA levels were moderately correlated in our cohort, we found that cfDNA fragment size was not an independent prognostic factor even when we tested cfDNA fragment size in the absence of cfDNA levels in the regression model (Additional file 1: Table S2 ). Nevertheless, it would be interesting to compare the levels of the tumor-derived cfDNA with cfDNA fragment size in future studies, to clarify the association between cfDNA fragment size and prognosis.
Both cfDNA fragment size and cfDNA levels were also measured 1 month after the initiation of chemotherapy. Previous studies have shown that patients that receive chemotherapy display significant increases in cfDNA levels at 24 h and 8 days after initiation of chemotherapy [24] , and after several cycles of chemotherapy [25] . In this study, however, we did not observe any change in either cfDNA fragment size or cfDNA levels after treatment initiation. Further, we did not observe any association between cfDNA levels and survival after initiation of chemotherapy. In contrast, we did observe a weak association between cfDNA fragment size and PFS.
In this study, we found significant differences in the PFS and OS between the two study centers. The first six patients recruited at SUH were all treated with Gemcitabine monotherapy and died within 4 months after initiation of treatment. These patients were the only patients treated with Gemcitabine monotherapy, and their inclusion explained most of the difference in survival between the two centers. However, FOLFIRINOX treatment was given to a higher proportion of patients at HUH (100%) than at SUH (26%). In this study, FOLFIRINOX treatment was more beneficial for both PFS and OS than nab-paclitaxel treatment. The increase in survival among patients that received FOLFIRINOX compared to patients that received nab-paclitaxel could not be directly explained by differences in either ECOG performance status (p = 0.768) or clinical stage (p = 0.271). However, it should be mentioned that most patients that received FOLFIRINOX were recruited at HUH, and that we only recruited patients that were expected to tolerate FOL-FIRINOX treatment from that center. Consequently, the patient selection method at HUH might have been biased. After we adjusted for covariates in the multivariable model, the study center was no longer an independent factor (Table 3) .
This study had some limitations. First, we used the Agilent 2100 Bioanalyzer and Agilent High Sensitivity DNA kit to determine cfDNA fragment size and cfDNA levels. This kit was reported (from the manufacturer) to have a sizing accuracy of ± 10% coefficient of variation (CV) and a sizing reproducibility of 5% CV or better; moreover, its quantification accuracy was 20% CV and its quantification reproducibility was 15% CV or better. Thus, measurements close to the values of dichotomization might have represented false positives or false negatives. Alternatively, we might have obtained more precise cfDNA fragment size and cfDNA level estimates by utilizing next-generation sequencing (NGS) for size estimations [19, 20] , and qPCR-based kits for quantification [19] . Higher precision might have increased the prognostic value of our markers. However, the Agilent 2100 Bioanalyzer is much simpler and faster than NGS and qPCR, and it provided reasonable accuracy and reproducibility. From a clinical perspective, a rapid, economic, simple test offers important advantages. However, it would be interesting, in future, to assess cfDNA size and cfDNA levels with more precise techniques to validate the current findings. Another study limitation was the excess of patients with metastatic disease compared to patients with locally advanced disease, and the total lack of patients with localized disease. Consequently, our results are not broadly generalizable. Future studies should investigate whether cfDNA fragment size and cfDNA level also provide prognostic information for patients with resectable pancreatic cancer. It would also be of interest to investigate the prognostic potential of these markers in other cancer types. Most previous investigations of cfDNA in pancreatic cancer have focused on detecting mutated cfDNA, which show prognostic significance in patients with both resectable and unresectable pancreatic cancer [9, 26, 27] . Thus, a side-by-side comparison of the cfDNA fragment size and cfDNA level approach and the mutated cfDNA detection approach should be performed to investigate further the clinical potential of our findings.
Conclusion
We demonstrated that the determination of cfDNA fragment size and cfDNA levels is a non-invasive, simple method for predicting clinical outcome in patients with advanced pancreatic cancer. Shorter cfDNA fragment size was associated with worse PFS and OS, although it was not an independent prognostic marker. In contrast the cfDNA level was a strong independent prognostic factor for both PFS and OS in our patient cohort. Future investigations are needed to elaborate these findings with regard to clinical relevance, and to establish whether the determination of cfDNA fragment size and cfDNA level might also have prognostic value for patients with localized pancreatic cancer.
Additional file
Additional file 1: Figure S1 . Patient sample electropherogram. Main peak corresponds to nucleosomes released from apoptotic cells (corresponding to one nucleosome plus linker). Table S1 . Baseline characteristics of patients with pancreatic cancer. 
